Passive cooling techniques are cost effective and reliable methods of cooling remote radio heads (RRH). This paper investigates the plausibility of a passive cooling technique involving exchanging warm air, from the internal cavity of RRHs, with fresh ambient air, to reduce the operating temperature using natural convection across air filters. The results indicate that, an internal air filter tube structure, with width of the enclosure, running vertically up the middle of an RRH, along with 4 pleat filter sides (2.0 ± 0.5 cm separation) provides the most effective outdoor suitable setup out of those examined. This provides a reduction in temperature of 3.9˚K ± 0.4˚K in the PA and 4.0˚K ± 0.4˚K in the radio, and a reduction in mass of 0.45 ± 0.05 kg, and is capable of withstanding water ingress and corrosive conditions including wind driven rain and salt fog.
Introduction
High temperatures in electronics is a significant issue for many reasons, one causing the lifetime of the components to be reduced, so measures must be taken to reduce the impact of waste heat energy by removing as much as possible [2] . Heat sinks and fans are the most conventional methods of cooling electronic enclosures, but, in the case of RRHs, fans cannot be used as they are active devices, and are at an elevated risk of failure from the nature of the moving parts [3] . If a fan were to fail, it would be very difficult to replace due to the location of an RRH up a mast. Heat sinks, conversely, are highly effective, passive cooling devices and are already implemented onto RRHs, but they are heavy and bulky and work best only when strongly coupled to the heat sources, so they are only suitable to be fitted to the faces of the enclosure that share a surface with the heat sources [4] . This leaves the other faces of the enclosure providing very little cooling, and other passive methods should be investigated to use these wasted surfaces.
In a typical remote radio head there are two main sources of waste heat energy: the power amplifier (PA) and the radio, which are generally situated in sealed enclosure with a small air gap surrounding them. Figure 1 shows a simplistic side view of the positioning of these devices in the unit used for tests in this paper, with other components neglected.
This paper investigates the use of gas exchange between the hot internal air space and ambient atmosphere through natural convection across air filters as a method of cooling that can be mounted to the unused surfaces.
Theory
The projected service of the devices is predicted using the Arrhenius Model [1] .
Equation (1) represents a prediction of the fraction of time compared to the reference lifetime that an electronic device will last for. The activation energy term varies with the component failure mechanism, as the failure mechanism is unknown 0.7 eV will be used as a central estimate [1] . 
Experimental Apparatus

Control Setups
The control setups in the figures show the fully covered RRH and the completely open setup. There were also tests taken for two types of half covered boxes not shown here; the RRH with no sides and the top and bottom are covered, and the RRH with open top and bottom and sides are covered.
Filter Setups
A RRH thermal mock up was built to simulate an operating RRH, using resistor circuits, with a dedicated variable power supply for both the PA and radio devices. The resistor circuits were fitted directly onto the surface of the PA and radio boards in key locations underneath the original shells, using thermal interface glue and copper tape to secure them. Figure 8 shows the PA thermal simulator circuit, which has localised heating to the specific areas that warm during normal operation, with high power resistors that can fit below the high clamshell. Figure 9 shows the ra-dio circuit thermal simulator which uses lengths of transformer wire in the areas under the copper tape to simulate the more general heating of this board across larger key places, and to have a lower profile to fit beneath the low clamshell.
Nine thermocouples were mounted to the radio side of the enclosure, in the arrangement of Figure 10 , to measure the air cavity temperature and 2 thermocouples were fixed under both the shell of the PA and radio to measure the temperature of the air within the clamshells. There are two types of air filter used in the experiments: the first is a filter designed for outdoor use and is normally fitted in conjunction with a fan for forced convection ventilation. As this filter is meant to be used with fans, the pleat structure is not optimised for natural convection flow and modifications should be made to the pleat sizes for better cooling. The benefit of this filter is that it is waterproof, salt fog resistant and has a very high particle arrestance (99% with particle size greater than 0.3 microns across) [5] . Therefore, this filter could be used externally in harsh conditions without issues, but with this waterproofing comes the cost of a very high the pressure drop across this filter meaning a very low air flow. The second filter type is a much less robust filter, intended for internal use, which has a very low pressure resistance at the cost of no water proofing or resistance to salt fog and a significantly lower particle arrestance (see Table 1 ).
Scientific Method
All tests were taken with same power inputs for the PA and radio simulators within a tolerance of ±1 W where the PA ran at 101 ± 2 W and the radio at 83 ± 1 W. A combination of epoxy resin, hot glue and tape are used to join test setups to pass a visual inspection of a good seal.
A data logger and computer software were used to record the thermocouple readings. Once the readings had stabilised an average for each thermocouple location was taken using 500+ sets of data collected over 1 hour. The PA, radio and air cavity temperatures and uncertainties were then found by taking the average from the appropriate, individual, thermocouple temperature averages and finding the standard error in this average.
The pleat density for the side mounted outdoor filter was optimised by determining the lowest operating temperature at varying quantities of pleats. This optimised pleat density would then be tested in collaboration, and in comparison, with the other setups. Various degrees of enclosure openness are also displayed to represent a best case scenario of air flow, which was accomplished by running the setup with the plates removed.
The random error was factored in by disassembling the rig and rebuilding it, 35 times, to the same settings and re running tests to find the fluctuations.
Results & Discussion
The data collected is displayed on graphs where the improvement, of each part, over the standard reference plate setup is shown. This gives the best visualisation for the changes in temperature. This is very simply calculated by taking the data, which is normalised to 25˚C, and substituting it away from the reference data, also normalised, for each thermocouple location, and then taking the average across these thermocouples to get the part average. These data points then have higher positive values for greater improvement. Figure 12 shows the pleat width optimisation results, and out of those tested, 4 pleats in the outdoor filter is reduces the operating temperature by the greatest amount. This is what will now be used in following results for the comparisons to other methods. Figure 13 shows the full spread of results from all methods mentioned in this paper with all associative errors. It can be seen that the outdoor tube filter performs better than the pleated sides. This is likely due to the combination of factors such as removing less metal surface area for the mounting of the filter to allow for more heat exchange through other means, reducing the space between the heat sources and the filter and reducing the overall internal air volume. The temperature can be reduced even further by combining the methods to maximise the filter surface area. Where combining the pleated sides and the central tube is more effective than each on their own and surprisingly even surpassed the cooling potential of the, much lower pressure drop, flat indoor side filter in the devices themselves, but not the internal air temperature. Table 2 and Table 3 give the predicted lifetime extension of the electronics in the device as a result of the reduced temperature, using Equation (1), which demonstrates a life extension of up to 30% and 40% in the PA and radio respectively with the activation energy approximation of 0.7 eV. 
Conclusions
A multitude of natural convection based air filter cooling methods have been tested in conjunction with existing heat sinks, and it is found that an outdoor suitable air filter has provided a temperature reduction of 3.9˚K ± 0.4˚K in the PA and 4.0˚K ± 0.4˚K in the radio, in the best case, which results in a 30% and 40% increase in predicted lifetime of the assets respectively, with a further added benefit of a reduction in mass of the unit as a whole of 0.45 ± 0.05 Kg (3% improvement). These figures demonstrate that this approach to passive cooling has potential and should be pursued further to refine the construction and material for optimum cooling and weight reduction and possibly test other applications. Although, there are some issues that may arise and will need to be addressed upon further development and consideration of use in real world scenarios such as the effect of wind on the cooling performance of the air filters. An extra issue, for the side filters, arises from the fragile nature of the filter construct, which will need substantial protection in external use to shield from debris and potential vandalism that may damage or puncture the filter and open the electronics inside to all manners of environmental damage; robust polycarbonate solar shields are already used on remote radio heads which may be substantial enough for this, but could need reinforcing. The internal tube methods have an extra advantage over the side filters here as they will need less protection due to being hidden from most direct angles.
